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DIFFUSION LIMITS FOR NETWORKS OF MARKOV-MODULATED
INFINITE-SERVER QUEUES

H. M. JANSEN™2 M. MANDJES!, K. DE TURCK?, S. WITTEVRONGEL?

ABSTRACT. This paper studies the diffusion limit for a network of infinite-server queues operating
under Markov modulation (meaning that the system’s parameters depend on an autonomously
evolving background process). In previous papers on (primarily single-node) queues with Markov
modulation, two variants were distinguished: one in which the server speed is modulated, and one
in which the service requirement is modulated (i.e., depends on the state of the background process
upon arrival). The setup of the present paper, however, is more general, as we allow both the server
speed and the service requirement to depend on the background process. For this model we derive
a Functional Central Limit Theorem: we show that, after accelerating the arrival processes and the
background process, a centered and normalized version of the network population vector converges
to a multivariate Ornstein-Uhlenbeck process. The proof of this result relies on expressing the
queueing process in terms of Poisson processes with a random time change, an application of the
Martingale Central Limit Theorem, and continuous-mapping arguments.
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1. INTRODUCTION

Networks of infinite-server queues with time-dependent parameters have been extensively studied.
In a series of articles, several nice properties have been shown for the situation that the network’s
queues are fed by Poisson arrival streams with time-dependent deterministic arrival rates. In this
model, due to the fact that customer streams do not interact, departure streams are again time-
dependent Poisson (under specific assumptions on the queues’ initial conditions). In addition, at
any point in time the joint queue length has independent Poisson marginals. Without pursuing an
exhaustive overview, we refer to the contributions by Harrison and Lemoine [13] and Eick et al. [9].

Modelling customer streams as Poisson processes with time-dependent deterministic arrival rates
has, however, the following crucial drawback. Due to standard properties of such processes, for any
time interval the mean number of arrivals coincides with the corresponding variance. In various
practical contexts, however, there is overdispersion, i.e., the variance substantially exceeds the
mean; see e.g. [3, 17] and references therein. To incorporate overdispersion a common procedure is
to apply modulation, meaning that the arrival rate depends on an independently evolving stochastic
process (usually referred to as the background process). Due to the additional uncertainty that
is introduced by the background process, the variance of the number of arrivals now exceeds the
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mean. An example of modulation is to let the arrival process be a Cox process, i.e., a Poisson
process whose rate is a (nonnegative) stochastic process.

Above we introduced the concept of modulation for arrival processes, but it can clearly be applied to
the queues’ service processes as well. It is important to notice that modulation of service processes
comes in multiple flavors. In the first place, we can modulate the server speed. A slightly more
complicated form of modulation lets the service requirement distribution depend on the background
process: the service requirement is sampled upon arrival, with a parameter determined by the state
of the background process at the moment the customer arrives. Thus, based on which parameters
of the model are modulated, the following four types of modulation may be distinguished. In line
with the terminology used in [5],

o Model 0: only the arrival rate is modulated,

e}

Model I:  only the arrival rate and the server speed are modulated,

(¢]

Model II: only the arrival rate and the service requirement distribution are modulated,

e}

Model III: all parameters are modulated.

Obviously, Model 0 is a special case of both Model I and Model II, and Model I and Model II are
special cases of Model III.

Introducing modulation complicates the analysis of networks of infinite-server queues considerably:
many of the nice properties that were found for time-dependent deterministic arrival rates do not
carry over to the setting in which the arrival rate is stochastic, for instance. More specifically, the
joint queue length ceases to have independent marginals, and in addition these marginals are not
Poisson. An important strand of work is focused on Markov modulation: the value of the model
parameters is determined by an external finite-state continuous-time Markov chain. Early work on
(primarily single-node) Markov-modulated infinite-server systems, such as [19], develops procedures
to identify the (transient and stationary) moments of the number of clients; see also [4, 8, 12] for
more recent contributions. A significant drawback of most of these results concerns their implicit
nature: systems of partial differential equations are derived for the moment generating function
pertaining to the joint distribution of the number of clients in the individual queues, and recursions
for the corresponding moments are found. Only in very special cases the underlying probability
distribution can be found in more explicit terms; see e.g. [11].

The lack of explicit expressions motivated the systematic study of scaling regimes in which the
queue length distribution can be given in closed form. Some recent papers have established scaling
limits in the context of single-queue Model 0 systems: [14] considers the scenario in which the
arrival rate is periodically resampled, whereas [18] analyzes the case in which the arrival rate is
given by a shot-noise process. For the case of single queues under Markov modulation, it is shown
in [2] (for Model 0) and [5] (for Model I and Model II) that, after appropriately accelerating the
arrival processes and the background process, a centered and normalized version of the number of
customers in the system converges to an Ornstein-Uhlenbeck process. The proof of this Functional
Central Limit Theorem (FCLT) relies on casting the queueing process in terms of Poisson processes
with a random time change and an application of the Martingale Central Limit Theorem.

The main goal of the present paper is to extend the findings of [2, 5] in two directions. First of
all, we study a network of infinite-server queues under Markov modulation (rather than a single
queue). Next to that, we do not restrict ourselves to Model 0, Model I, or Model II, but focus on
the Model III variant which covers the other variants as special cases. Our contribution is that we
derive, for this highly general setting, an FCLT.
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The different setting that we study also motivates the use of a different strategy to establish an
FCLT. As will become clear in the paper, the argumentation for this multivariate setting has some
elements in common with the one used in the single-queue case, but in general requires considerably
more delicate arguments. A key insight is that we may exploit continuous-mapping arguments
once we have established asymptotic equivalence of our network with some other, less complicated
stochastic process. Following this strategy, we succeed in establishing an FCLT: the centered and
normalized version of the joint queue length process converges to a multivariate Ornstein-Uhlenbeck
process.

The paper is organized as follows. In Section 2, we introduce our model and point out how to
express the network population vector in terms of unit-rate Poisson processes with a random time
change. We also show that, perhaps somewhat surprisingly, any network of Model III type can
be expressed in terms of a, seemingly more restrictive, Model I network, entailing that it suffices
to just consider the Model I setting from then on. Then Section 3 presents the fluid limit under
a scaling of both the arrival rates and the background process. Centering the queue lengths with
this fluid limit, the results in Section 4 show that, after a suitable normalization, the joint queue
length process weakly converges to a multivariate Ornstein-Uhlenbeck process. Proofs and auxiliary
results are given in Section 5.

2. MODEL AND PRELIMINARIES

In this section we define a Markov-modulated network of infinite-server queues with exponentially
distributed service requirements. We introduce notation for the Model I variant and show how the
queue length vector can be represented in terms of Poisson processes with a random time change.
We then argue that, in the setting that we consider, a network containing Model II or Model 111
queues can be represented as a network containing only Model I queues (justifying that we restrict
ourselves to Model I in the rest of the paper).

2.1. Definition of Model I. We now provide the mathematical description of the Model I version
of a Markov-modulated network of infinite-server queues. We assume that the background process
J is an autonomously evolving continuous-time Markov chain with finite state space {1,...,d} and
irreducible transition rate matrix Q. The invariant distribution corresponding to Q is denoted by
the d x 1 column vector 7 (so 7 has nonnegative entries that sum to 1 and 7' Q = 0).

Jobs that leave a particular queue may be routed to another queue or leave the network altogether.
Throughout the paper we assume there are L € {2,3,...} queues in the network. We impose the
assumption of at least two queues, because this allows us to not explicitly record the jobs leaving
the system. Indeed, a job leaving the system is equivalent to sending it to some designated infinite-
server queue that has zero server speed (i.e., a queue from which jobs cannot leave). The assumption
L € {2,3,...} is therefore not a restriction and is merely intended to streamline notation.

Given a network of L queues, we define the set of queue indices Z = {1,...,L}. For any k € Z,
we define Z, = Z \ {k}. This is, of course, the set of all queues to which a job from queue k
may be routed after service completion. This set is always nonempty, because L € {2,3,...} by
assumption.

When the background process is in i € {1,...,d}, jobs arrive at queue k as a Poisson process with
rate A\i(¢). In addition, again for the background process being in state i, we denote by (%)
the rate at which any individual job present in queue k completes service and jumps to queue [.
Observe that during the time a job spends in a given queue, the rate of jumping to another queue
may change in time (when the state of the background process changes, that is).
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We denote the number of jobs in queue k € Z at time ¢t > 0 by Q(t), and the L-dimensional queue
content process by

Q(t) = (Qu(1), ..., Qr(?))- (1)

Then we represent () as the solution of the system of equations

Qk(t):Qk(0)+Ak</ Ar(J( > Z%(/ 1 ( (s))Ql(s)ds>
_ ZS“ ( / 1 (J () Qr(s) ds>.

Here, Q(0) is an independent random vector taking values in Zéo, with its k-th entry describing

(2)

the initial number of jobs in queue k. The processes A and Si; with kK € 7 and [ € Z; form a
collection of independent standard (unit-rate, that is) Poisson processes. We use Aj, to model the
exogenous arrivals to queue k, whereas we use Si; to model service completions in queue k that
are routed to queue [. This representation has been extensively used in e.g. [20], and is (in our
experience at least) an intuitive representation that is relatively easy to work with when studying
weak convergence.

2.2. Models II and III are covered by Model I. In the network setting that we consider, it
turns out, perhaps somewhat surprisingly, that any Model IT or Model III network of infinite-server
queues can be described through a Model I network of infinite-server queues. At first sight, our
construction of a network of Model I queues may not seem very flexible, because the modulation of
service requirements (in Model IT and Model IIT queues) is not explicitly incorporated. However,
the combination of Model I queues with the network setting gives us much more flexibility than we
might have thought.

The upcoming examples are intended to demonstrate this flexibility by explicitly showing how we
may incorporate modulated service requirements. In particular, the second example demonstrates
how we may construct a Model III queue as a network of Model I queues, thus showing that a
network of Model I queues is indeed the most general Markov-modulated network of infinite-server
queues.

Remark 2.1. Observe that the Model I setting incorporates probabilistic routing: when the back-
ground process is in state 4, the rate of leaving queue k is (i) == >, 2k ik (i), and the probability
that after being served the job jumps to queue [ is py(i) := pr(i)/pr(i). As such, the routing
probabilities depend on the state of the background process at service completion. O

Example 2.2. In Remark 2.1 we already argued that Model I covers settings in which the routing
probabilities depend on the current state of the background process. An obvious extension would
be to make the routing probabilities depend on the state of the background process at the moment
of a job’s arrival. In this example we argue that such a mechanism still falls in the context of Model
I networks of Markov-modulated infinite-server queues.

We consider a network in which jobs arrive to queue A at rate A,(J(t)) and receive service there
with speed p,(J(t)). When a job completes service at this queue, it is routed with probability
p(i, ) to queue B, where i is the state of the background process J upon arrival of the job and j is
the state of J upon service completion. With probability 1 — p(7, j) the job is routed to queue C.
(What happens at queue B and ¢ is not very relevant here; neither do we need a queue D for jobs
leaving the system.) The difficulty here is the dependence of the routing probabilities on both the
present and the past. Indeed, the routing probabilities for a job are determined when it completes
service, but also depend on the state of J upon its arrival.
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We can deal with this problem by registering the state of the background process J when a job
arrives to queue A. This naturally leads to the jobs in queue A being divided into d different classes
(where we recall that d is the size of the state space of J): a job belongs to class ¢ when J is in state
7 upon arrival of the job. The idea is now to split the content of queue A into d individual queues,
i.e., one for each class. Then the routing probabilities for jobs in those queues only depend on
the queue index and the state of J upon service completion, which is in line with the probabilistic
routing mechanism that we discussed in Remark 2.1.

In more concrete terms, the system considered as a network of Model I queues will look like this.
We denote the queues handling the different classes by 1,...,d. We define the arrival rates to these
queues by Ag(i) = Ly—pAa(é) for k,i € {1,...,d}. Then we have arrivals of only one class at a
time with the right arrival rate for each class.

Jobs from those d queues will be routed to queue d+ 1 and queue d+ 2 (which were queue B respec-
tively queue C in our original thought experiment). The routing mechanism is then incorporated
by defining the server speeds by picking iy(441) (i) = p(k, i) pa (i) and pig(ag2) (i) = (1 — p(k, 7)) pa(i)
for k € {1,...,d}. O

Example 2.3. In the previous example, we have seen how we can handle different classes (corre-
sponding to the state of the background process that the job sees upon arrival) by assigning them
to their own Model I queue. In this example, we use this idea to show how a Model III Markov-
modulated infinite-server queue may be represented as a Model I Markov-modulated network of
infinite-server queues.

Consider a single Model III Markov-modulated infinite-server queue where J is the background
process. In this case, jobs arrive according to a Poisson process with rate A*(¢) while J is in state 1.
If a job arrives to the system while J is in state 4, then it will be of type ¢ and has an independent
service requirement having an exponential distribution with parameter x*(i). The server speed is
p* (i) while the background process is in state i.

We will construct a network of L = d+ 1 queues: d queues for each job type (i.e., queue k contains
the jobs of type k that are still in service) and one queue to collect all jobs that have finished service
in their respective queue (i.e., queue d + 1 with zero exogenous arrival rate and zero server speed).
In what follows, ¢ ranges over {1,...,d}, and k and [ range over {1,...,d,d + 1}.

To construct the network, define \(i) = Ly_jyA*(i) for k € {1,...,d} and Agy1(7) = 0. This
means that jobs arrive to exactly one queue at a time: the arrival rate (of jobs of type i) to
queue 7 is A*(7) while J is in state 7 and zero while J is not in state i. Moreover, there are no
exogenous arrivals to queue d 4 1, which collects jobs that have finished service. Additionally, we
take g (i) = Ly—qy1ys™(k)p* (i) for k € {1,...,d}. This ensures that jobs can only be routed to
queue d + 1 after service completion (the 1 {1=d+1} part), that jobs of type k arriving at queue k
have an exponentially distributed service requirement with parameter x*(k), and that those jobs
in queue k experience server speed p*(7) while J is in state i.

We have thus defined a Model I network of d+ 1 infinite-server queues, Q1(t) up to Qg4+1(t), that is
equivalent to our single Model III Markov-modulated infinite-server queue. Now the queue content
process of this single Model III queue at time is given by Zi:l Qk(t). As a bonus, the departure
process of the Model III queue is captured by Qg+1(t). Thus, the Model I network constructed
above completely describes the behavior of the queue content of the Model III queue.

Along the same lines, it can be argued that a network of L Model III Markov-modulated infinite-
server queues can be described as a network of Ld Model I Markov-modulated infinite-server queues.
We conclude that we can restrict ourselves to Model 1. O
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Remark 2.4. It is directly seen that phase-type service requirements are also easy to deal with,
by introducing infinite-server queues corresponding to each of the phases. %

3. CONVERGENCE RESULTS: A FLUID LIMIT

As mentioned earlier, we are interested in proving a diffusion limit for our Markov-modulated
network of infinite-server queues. A first step towards such a result is the derivation of a fluid limit
for the network. This serves three purposes. First, the fluid limit is interesting in its own right, as it
describes the typical behavior of the network under scaling. It is, essentially, a law of large numbers
for the evolution of the network population. It holds under more general assumptions than the
diffusion limit. Second, in the proof for the diffusion limit we will apply the fluid limit to identify
the limiting process; the fluid limit limit is also used to appropriately center the network population
process. Third, we will use the fluid limit to point out differences between the modulated network
and its nonmodulated counterpart.

To establish the fluid limit result, we scale the parameters of the modulated network. We do so by
scaling the arrival rates to the queues, the server speeds, and the transition rates of the background
process. In addition, the network’s initial population is scaled appropriately. More specifically, we
impose the following assumption.

Assumption 3.1. In the n-th system,

o with Q}(0) denoting the initial number of jobs in queue k, we assume that %Q"(O) converges
in probability to the constant p(0);
o with A} the arrival rate to queue k, we assume that
Jig, 28 = ¥

o with py, the service speed for jobs to be routed from queue k to queue l, we assume that
li Y= kel 4
Ly = s (4)
o the background process, denoted by J", corresponds to a continuous-time Markov chain
having irreducible generator matriz n*Q (for some a > 0) and invariant distribution .

Regarding the pj};, and A}, the main examples to keep in mind are A} = nAy and 3 = fig.

Recalling that J"(¢) matches with J(n“t), we observe that the scaling proposed here amounts to
simultaneously speeding up the arrivals and the time scale of the background process, while the
server speeds approach some limiting value. Note that the speedup of the arrival rate is essentially
linear in n, whereas the speedup of the time scale of the background process is sublinear (o < 1),
linear (o = 1), or superlinear (a > 1) in n.

Under this scaling, the queue content process is denoted by the R¥-valued stochastic process Q",
which is given by a system of equations involving unit-rate Poisson processes with a random time
change: for k=1,...,L we have

Qi) = Qo)+ A [ renas) + sl [ i enere)as)

leTy,

- s [t nane as)

lE€Ty,

(5)

(See also Eq. 2.) As mentioned, we are interested in finding a fluid limit for @™. This will involve
the time-averaged parameters A7 = ZZ L () A7) and pff, = 2?21 (1) (7). We present the fluid
limit in the next lemma.
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Lemma 3.2. Under Assumption 3.1, the process %Q" converges uoc in probability to the solution
of the system of integral equations

pt) =0+ [ Nds+ 3 [Cio)as = 3 [ uupn(s) ds (©

€Ty, S
fork=1,... L.

This fluid limit is exactly the fluid limit that we would obtain from a nonmodulated network of
infinite-server queues, and is in particular not affected by the value of a.. (To see this, just replace
the modulated parameters of the queues by their time-averaged versions AJ, and uj;.) However,
modulation induces markedly different fluctuations around this fluid limit, i.e., in the diffusion
scaling. We explore this in the next section.

4. CONVERGENCE RESULTS: A DIFFUSION LIMIT

Our main goal in this section is to establish a diffusion limit for the queue content process of the
network under an appropriate scaling (which differs from the scaling imposed in the fluid limit
result). This diffusion limit depends explicitly on scaling properties of the background process,
thus giving insight into how the background process influences the behavior of the network on
process level.

We will use several different tools to prove the diffusion limit. Typically, diffusion limits are proven
relying on martingale methods and the Continuous Mapping Theorem (CMT); see, for instance,
[20, 22, 23]. Unfortunately, the classical continuous maps do not apply to our network, due to
the presence of the background process. We may get around this problem by constructing a more
refined continuous map, but we opt for another solution. A crucial step in this solution consists
of showing the asymptotic equivalence of the scaled network queue content process and a closely
related stochastic process, which turns out to have the desired weak convergence properties. This
approach combines queueing intuition with well-known continuous maps and convergence properties
of stochastic integrals to achieve these results.

The continuous map that we will use is (a multidimensional version of) the well-known integral
map presented in [20, Th. 4.1]. It is intimately related to standard infinite-server queues (cf. [20]
and Lemma 3.2). For completeness, we present the result here. Its proof is a straightforward
generalization of the proof of [20, Th. 4.1].

Lemma 4.1. Let h: RY — RE be Lipschitz continuous, i.e.,
[h(a1) = haz)|| < cllar — as]|

for all ay,as € RY for some ¢ > 0. Also assume that h(0) = 0. Ifb € R and x € D([O,oo);RL),
then there exists a unique element y € D([O, oo);RL) satisfying the integral equation

y(t) = b+ x(t) —i—/o h(y(s))ds. (7)

Thus, the integral equation (7) defines a function H: R* x D([0,00); RF) — D([0,00); RY). The
function H is continuous whenever the space D([O,oo);RL) is equipped (in both the domain and
the range) either with the uniform topology or with the weak Jy topology.

The next corollary describes an example of a function H that is defined through the procedure
in Lemma 4.1. The function H defined in this corollary is, in fact, the map that we will use to
establish the diffusion limit. Moreover, H is clearly related to the fluid limit p (to see this, compare
Eq. (6) and Eq. (8)).
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Corollary 4.2. Define the L x L matrix M via

g ifke{l,...,L},l € Iy;
My, = o
_Zlel-k'uk‘l lka{l,,L},l:k
Let h: RE — RE be given by h(a) = Ma. Then h is Lipschitz continuous and Eq. (7) defines a

function H: R x D([O,oo);RL) — D([O,oo);RL) that has the continuity properties described in
Lemma 4.1. If y = H(b,x), then

u() = b+ () + 3 /0 (s ds— 3 /0 Tk (5) ds. (8)

LeTy, l€Zy,

Throughout this section, the following conditions are in force, with
B =max{1/2,1 — «/2}. 9)
Assumption 4.3. In the n-th system,

o with Q™(0) denoting the vector with the initial number of jobs in queue k, we assume that

_5(1
w3 (1@ 0 - p0)) > X (10)
in distribution, where X (0) is some random variable;
o with A} the arrival rate to queue k, we assume that

1 ~
lim ’I’Ll_ﬁ (E)\Z - >‘k> = )‘k; (11)

n—o0

o with py, the service speed for jobs to be routed from queue k to queue l, we assume that

lim n' =P (U — ) = firs (12)

n—o0

o the background process, denoted by J", corresponds to a continuous-time Markov chain
having irreducible generator matriz n*Q (for some a > 0) and invariant distribution .

Note that the assumption concerning the initial number of jobs is compatible with %Q"(O) con-
verging in probability to p(0), due to Slutsky’s Lemma and 8 — 1 being strictly negative. In fact,
for these reasons (10) implies that Q™ (0) converges in probability to p(0).

The process of interest here is an an appropriately centered and normalized version of )™, namely
the stochastic process ", which is defined via

G0 = (1010 - 1)) (13)

In words, @" is the scaled and centered RY-valued process describing how the number of jobs in
the network fluctuates around the fluid limit. As announced before, our objective is to show that
@" converges to a diffusion process. Anticipating the application of continuous-mapping methods,
we represent @” as

~ ~

QL0 = QO+ X0+ 2 [ i) @ =3 [ @@

leIk lEIk

Xp(t) =n'"7Xp (1) (15)
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and

Xp(t) = XT0(t) + X34 (1) + X55(t) + Z XT(t) + X5 0(t) + X ()
€Ty,

- Z X () + X5 (t) + Xg (1)),
€Ty,

with the processes X! ko Xn ko X:’;k, Xjfkl, X'glkl, and ngl as defined in Eq. (22) (see Section 5.2).

(16)

Observe that the term gz (J"(s)) in the integral f(f ,ulk(J"(s))@l"(s) ds above makes a direct applica-
tion of Lemma 4.1 impossible. We deal with this problem by first showing that @" is asymptotically
equivalent to the stochastic process Q", which is defined via

Qr(t) = Qr(0) + Xp(t +Z//%Qz dS—Z/Mlek (17)

lE€Ty, €Ty

or, equivalently,
& = (@0, %) 09
with H denoting the continuous integral map from Example 4.2. Observe that (17) differs from (16)

in that the modulated server speeds py(J™(s)) are replaced by their time-average counterparts.
The equivalence of both systems is motivated by the following intuitive reasoning.

Our idea is to establish the diffusion result relying on classical continuous-mapping arguments: we
would like to view @" as a continuous integral map of some input processes. If the server speeds
were not modulated, it would be clear that the input is given by @"(O) and X ™ and that Q\" is
a continuous integral map of these input processes. Then everything would fall nicely within the
scope of Lemma 4.1. Unfortunately, the server speeds do depend on the background process, so
this approach does not work.

However, notice that the service requirements are not scaled, whereas the background process is
scaled proportionally to n®. Intuitively, this means that a service requirement remains fixed as n
becomes large, while the background Markov chain is jumping faster and faster and approaches its
equilibrium distribution. Thus, as n becomes large, a service requirement is expected to effectively
experience the average or equilibrium server speed. These arguments suggest that, for large n,
we may replace the modulated server speeds py(J"(s)) by the average server speeds uf;. More
precisely, this means that the processes @" and Q" should be asymptotically equivalent.

There are two major flaws in the reasoning above. First, @” is a scaled and centered queueing
process rather than an actual queueing process; it is unclear what a ‘service requirement’ is in
this context. Second, and more importantly, the term py;(J™(s)) also appears in the input via the
X" (see Eq. (22) in Section 5.2). So why not take the average server speed there? The not so
convincing answer is that in the input ug(J"(s)) does not act as a server speed but is more like a
measure of how the parameters deviate from their averaged counterparts.

Again, the intuitive reasoning above is not entirely convincing from a mathematical point of view,
but at least it has given us a potentially useful idea. We formalize that idea in the following lemma.

Lemma 4.4. The process Q" is asymptotically equivalent to @", meaning that @" — Q™ converges
uoc in probability to the zero process as n — o0.

This lemma is useful because it has the following important corollary as an immediate consequence.
Actually, the next result is the very reason for introducing Q™: it claims that proving weak con-
vergence of @” is equivalent to proving weak convergence of the simpler process Q", and that both
processes must have the same limit.
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Corollary 4.5. The process @" converges weakly to X if and only if Q™ converges weakly to X .

Thus, to prove weak convergence of @" it suffices to prove weak convergence of Q™. However,
because the process Q" was defined as a continuous function of some input process (cf. Eq. (18)),
we only have to prove weak convergence of this input process. These observations are the basis of
the proof of the following theorem, which is the main result of this section.

The statement of the theorem contains two equivalent systems of stochastic integral equations. In
the first system, each term corresponds to the term in Eq. (14) or Eq. (16) from which is is derived.
In the second system, we have reordered the terms for easier interpretation and to show how the
form of the integral map H reappears in different parts of the limit.

Theorem 4.6. Under Assumption 4.3, the processes Q" and @" both converge weakly to the unique
solution X of the system of stochastic integral equations

Xi(t) = Xp(0) + Liaz134/AF Bra(t) + ATt + o<y AL Bo(t)

t
+ 1, / ul pi(s)dB /,up ds + 1g, ,uT/psst
Z<{>1} \/ Hppi(s) dBu(s 16P1(8) {gl}zkol() b(s)

€Ty
t
- 1 s)dB ds+1 I (s)dBp(s)
{a>1}/ \/ 17k (s) dBri(s /,uklpk() {o@}ﬂkl/ Pk b

leZI ( 0
+Z/ pipXi(s)ds — Z/ 17 X (s

€Ty, lETy,

(19)

or, equivalently,

t
Xy (t) = Xi(0) + /0 AT+ Z Hippi(s Z Bripx(s) | ds

€Ty, S

+ Lia<n / A A mpi(s) = > plpr(s) | dBi(s)

lEIk leIk (20)
+1as1 / («/ TABui(s) + >\ ufupi(s) dBik(s) = >/ ukioe(s) dBkl<s>>
LETy, L€y,
+Z/ 1ipXi(s)ds — Z/ 1 X (s
€Ty €Ty

Here, the processes By i, and By are independent standard Brownian motions. The process By, is an
independent d-dimensional Brownian motion with (By)(t) = Xt, where ¥ := diag(7) D+ D diag(m)
and the matriz D denotes the deviation matriz corresponding to the transition rate matriz Q (as
defined in Section 5.1).

5. PROOFS AND AUXILIARY RESULTS

In this section, we provide the proofs of the three main results, namely the fluid limit (Lemma
3.2), asymptotic equivalence (Lemma 4.4), and the diffusion limit (Theorem 4.6). Additionally, we
present several auxiliary results which are used in those proofs. This section is organized in the

following way.
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First, we summarize some basic properties concerning the convergence of the state occupation
measure of a Markov chain. These properties are essential ingredients of the upcoming proofs. We
start with the proof of the fluid limit. This result is derived under slightly weaker conditions than
the diffusion limit. Moreover, it is used in the other two proofs. Then, we proceed by establishing
the asymptotic equivalence result in Lemma 4.4. Finally, relying on both the fluid limit and the
asymptotic equivalence result, we give the proof of the diffusion limit.

5.1. State occupation measures of Markov chains. In the three upcoming proofs, the be-
havior of the state occupation measure of a scaled Markov chain plays a key role. In particular,
we exploit weak convergence results for stochastic integrals with respect to the state occupation
measure. To make this paper more or less self-contained, we collect the most important results
concerning state occupation measures here. Their proofs can be found in [16].

As usual, J denotes a continuous-time Markov chain with state space {1,...,d} for some d € N.
It has d x d generator matrix Q, which we assume to be irreducible. We denote the stationary
distribution corresponding to Q by m, i.e., 7 is the unique d x 1 vector (with nonnegative entries
summing to 1) that solves the equation 7'Q = 0. Additionally, D denotes the deviation matrix
corresponding to Q. The entries of D are given by

[e.e]
Dy = [ B = 310) = i)~ s
0
For some background on deviation matrices, see [7]. Define ¥ = diag(n)D + D Tdiag(r).
The state indicator function of J is the R%valued function K defined via

K(i5t) = Tyy4)=)

for i € {1,...,d} and t > 0. Then the state occupation measure corresponding to J is given by

/0 'K (s)ds.

Thus, the state indicator function K is used to keep track of the state of J at a given time, whereas
the state occupation measure records how much time J has spent in each state during a time
interval.

The following theorem concerns the behavior of the state occupation measure of a Markov chain
when the generator matrix is scaled. Let Q, m, D, and ¥ be as defined above. Let J" be a
continuous-time Markov chain with generator matrix n*Q (for some o > 0) and state indicator
function K. Define the stochastic process G" via

t
Gn(t) = / (K™(s) — ) ds. (21)
0
Additionally, let Y denote the Dynkin martingale corresponding to K™ (cf. [1, Lem. 2.6.18]).

Theorem 5.1. The process G™ converges to the zero process uoc in probability for n — oco. Addi-
tionally, n®/2G™ converges weakly to a Brownian motion By, having predictable quadratic variation
process (By,)(t) = Xt.

In the proof of the diffusion limit, we also need weak convergence results of the form
H™ - n®?G" = H - G,

where Y - X denotes the It6 integral of Y with respect to X. This type of convergence generally
does not hold, even when G is a Brownian motion, H is the zero process, and H™ converges to H
uoc almost surely. However, under even stronger conditions this type of convergence does hold.
We state such conditions in the next theorem.
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Before we can state the theorem, we need to introduce some more notation (which by and large
follows [15, p. 204]). Let X be a d-dimensional locally square-integrable martingale with respect
to a filtration IF. For simplicity, we assume that

(X)(t) = /0 C(s)ds

for a predictable process C taking values in the set of all symmetric nonnegative d x d matrices. We
denote by L120c(X ) the set of predictable processes H taking values in R¥*¢ such that the process

t
/ H(s)C(s)H(s)" ds
0
is locally integrable.
Theorem 5.2. Consider the setting of Theorem 5.1. For fized m € N, let HM . H™" be
cadlag processes in L2 (Y™) and define H”" wvia H”"(t) = H?"(t—). Assume that each H/™

loc
converges to a deterministic continuous function H? woc in probability and that n=*2H7" is q

finite variation process whose total variation process converges to the zero process uoc in probability.
Then (Hin -n2Gn, . H™™ . na/QG”) converges weakly to (H1 -By,...,H™. Bb).

5.2. Proof of the fluid limit. To establish the fluid limit in Lemma 3.2, we follow a standard
approach by combining the Functional Law of Large Numbers (FLLN) for Poisson processes with
an application of Gronwall’s Lemma. The fact that the parameters are modulated by a background
process is a minor complication here, but we can deal with that by exploiting convergence properties
of irreducible Markov chains (cf. Section 5.1).

Impose Assumption 3.1, as introduced in Section 3. Under these conditions, Lemma 3.2 claims uoc
convergence of QZ to the zero process, where

- 1
Q) = L ar) - m(o)
We prove this claim in the following way.
Using the expressions in Eq. (5) and Eq. (6), some simple algebra gives us

Qk(t) = QR(0) + X75 (1) + X3 (1) + X4 (2)

s (Xz,lk@) X0+ [ )@ ds + thlku))

1€,
S (sz) X300+ [ a6 s) ds + thkl(t)),

with

0 (22)
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Now suppose that all six types of the above processes converge to the zero process uoc in probability
when %Q"(O) converges to p(0) in probability. Then, for fixed 7' > 0, the random variables

L
Y(T) = X7 + X5 + el
! Z;(s[ng\ k(0] :[Uﬁ 5k (t)] t:{g}@! 5 !)
L
Y3(T) = X7 + Xr + X
5 ( l;l; (tes[%pﬂ‘ 2k ( | tes[lép‘ 51k | t:[‘ép‘ 6k ( ‘)

and

L
Y2 (T) = Z ( sup |X4 w(t)|+ sup ‘X?,kz(m + sup ‘Xél,kz(t)‘)
k=117, t€[0,T] t€[0,T] t€[0,T]

converge to 0 in the same way. Observe that

L L
Y |QRD] < D |QRO)] + YI(T) + Y3(T) + Y3(T)
k=1 k=1
1530 3 WELINTEIND ) w012
k=11eI} k=11eZy

for all ¢ € [0, T], where pu* = S r_, D ler, ZZ 1 x1(2). It follows that

L L ¢ L
D IQRM] < D |QR(O0)| + Y1H(T) + Y3(T) + Y3(T) +/0 2(L = 1) Y | QR(s)] ds

k=1 k=1 k=1

for all t € [0,7]. An application of Gronwall’s Lemma (cf. [10, Th. A.5.1]) then leads to

L L
> olQrw)| < (Z!QZ«))\ + Y1) + Y3'(T) + Y?,"<T>> 2L T

k=1 k=1

for all ¢ € [0,T], so supscjo 1y Z£:1|Qg(t)‘ converges to 0 in probability under the assumptions
imposed (in particular, recall that Q™(0) — 0 in probability).

Consequently, it remains to show that Y{*(T), Y3*(T), and Y3*(T) converge to 0 in probability as
soon as Q" (0) converges to p(0) in probability. To this end, we first define

L d
k—1 i=1
Then fg INI(J™(s))ds < 2A*t for all n large enough. Moreover, i Ay(n2A\*t) converges uoc

to 2A\*t almost surely by the FLLN for Poisson processes (cf. [6, Th. 5.5.10]), implying that
SUPyse0,7] | X1,.(t)| converges to 0 almost surely.

Next, observe that sup,cp n) | X2,.(t)| converges to 0 almost surely, due to the convergence of L7
to Ag. Also observe that both sup;cjo 7 | X% ,.(t)] and SUPse0,7] | X &1, ()] converge to 0 in probability
by Theorem 5.1 and Theorem 5.2, respectively.

To analyze X[ ,,(t) and X2,,(t), we need to know more about the behavior of Q7 (s). Clearly, the
queueing dynamics are such that

1 n
EQk(S)

< 3 (2 + tanxT) )

meZL
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for all s € [0,7]. The sum on the right-hand side converges to > —7(pm(0) + A*T) in probability,
due to Slutsky’s Lemma (cf. [21, Lem. 2.8]). Another application of Slutsky’s Lemma shows that

L
(" 6) = s P Y (3RO + AT
=1

converges to 0 in probability. Then supy(o 7] ]ngl(t)] must converge to 0 in probability, too.
Regarding XZL w1 (t), we observe that, for fixed € > 0, we have the very crude inequality

t
1 * *
| )2 @) ds < i 3 (pm0) + NTIT ¢
0 meL
on a set with probability at least 1 — e for all n large enough. Combined with the FLLN for the
standard Poisson process Sy, this gives us the convergence of sup;cjo 7 | X7, ()] to 0 in probability.

Using Slutsky’s Lemma once again, we conclude that Y7*(T), Y3*(T), and Y3*(T') converge to 0 in
probability. This completes the proof.

5.3. Proof of asymptotic equivalence. Impose Assumption 4.3, as stated in Section 4. Our
goal is to prove the claim in Lemma 4.4, namely that Q™ is asymptotically equivalent to @" Recall
that @" represents the scaled and centered queue content process and that Q™ is a similar but
simpler stochastic process defined using a continuous map. (Note that, in general, Q" is not a
scaled and centered queue content process.)

For completeness, we first show that Q™ is a well-defined stochastic process. We already know that
@"(O) and X" are well-defined random elements. As observed in Example 4.2, the integral map
H that defines Q" satisfies the conditions of Lemma 4.1, so Q™ is a continuous function (in the
Skorokhod J; topology) of a stochastic process. Then Q" is a well-defined stochastic process.

We turn to proving asymptotic equivalence of @" and Q". The difference between these two
processes can be written as

so this difference is, in fact, given by the continuous integral map H of some input process. Con-
sequently, if this input process converges to the zero process uoc in probability, then the difference
between Q™ and Q™ must converge to the zero process uoc in probability, too.

This input process is essentially a sum of other input processes of the form

/0 (s (T™(5)) — ) QR (s) ds. (23)

Thus, to prove the lemma, it suffices to establish the convergence of each of these terms to the zero
process uoc in probability. We will do this in the remainder of this proof.
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Recall from Section 5.1 that the state indicator function of J" is denoted by K™ and that the
Dynkin martingale associated with J™ is denoted by Y. Now rewrite the integral in Eq. (23) as

/ =2 Qp () g™/} (K" (s) — 7) ds = / Uky(s)n®/(K"(s) — ) ds, (24)
0 0

where
UR(t) = n=*2Qr(t—)uly.

Convergence of U} to the zero process implies, under certain assumptions, convergence of the
integral (24) to the zero process; this is described Theorem 5.2.

To be able to apply Theorem 5.2, we have to check several properties. We will break this up in
four steps and then apply Theorem 5.2 in the fifth and final step.

Step 1. We would like to verify (in this step and the next) that U} is a process in L (Y™). First
of all, we should have a filtration with respect to which U} is predictable and Y™ is a martingale.
For this filtration, say G, we can just take the natural filtration of J™ and add to this the entire
filtration of all Poisson processes and Q™ (0), which are independent of J™. Then Y™ is still a (locally
square-integrable) martingale with respect to this filtration, due to the independence. Moreover,
the left-continuous process Uy} is adapted to G and thus predictable. This settles the filtration and

measurability issues of Theorem 5.2.

Step 2. From the previous step, we know that U]} has the right measurability properties. To verify

that U}l is a process in L2 _(Y™), we also have to check that the process

loc

t
/0 Uti(s) | ding (QTK (s)) — QT diag(K (s)) — diag(K (5))Q| Ufs(s)" ds
is locally integrable. This is rather obvious, as

Qp(0)| < n P2 Qp) + 0P putt)
L t

nl—ﬁ n( (g s

< pk<t>+;Al(/o AP >>d)

L
<! o) + ) AN,
=1

where we now define \* as Zij:l Z?:l k(7). From this, we conclude that U}, is a process in
L2 (Y™).

loc

Step 3. Perhaps the most important step is to check that U[; converges to the zero process uoc in
probability. From the definition of Q} in Eq. (14), it follows that

(0 = 0 (1Q8-) = pule) )k (25)

By the fluid limit in Lemma 3.2, the process %Qz — pr converges to the zero process uoc in
probability. Because 1 — f — /2 = min{0, (1 — «)/2}, we know that U}, converges to the zero
process in the same way.

Step 4. Now we only have to verify that n=2y 1 is a finite variation process whose total variation
process converges to the zero process uoc in probability. From Eq. (25), we obtain

—« n —Q —p—« 1 n
W U0 =0 (LQHe) = o)

=0 (2QR(=) = pu(e-) )l (26)
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Clearly, it suffices to show that nlfﬁfa(%QZ(t—) — p(t—)) is a finite variation process whose total
variation process converges to the zero process uoc in probability.

To this end, observe that py is continuously differentiable, so it is of bounded variation. Moreover,
pr. does not depend on n and we have

1—p—a=min{—-a/2,(1 -2a)/2} <0, (27)

so the total variation process of n'=#~%p, converges to the zero process uoc. Consequently, it
suffices to show that nl_ﬁ_o‘%QZL(t—) is a finite variation process whose total variation process

converges to the zero process uoc in probability.

Now note that 1@Q7(t—) can be written as the difference of nondecreasing processes (cf. Eq. (5)).
This means that n! =#~*1Q7(¢t—) is a finite variation process. It also follows from Eq. (5) that the
total variation process of nlfﬁfa%QZ(t—) is given by

—p—al —B-al ‘1 n/m
nt=B EQk(O)%—nl B EAk<n/0 E)\k(J (s))ds>

#0050 L (n [ )2 Qps) as)

€Ty,

0SS ([ ) 2 ps) as).

leTy,

As a result of Lemma 3.2 and the fact that 1 —  — @ = min{—«/2, (1 — 2a)/2}, we obtain the
convergence of this expression to the zero process uoc in probability.

As argued before, this implies that n~?/ QUI?I is a finite variation process whose total variation
process converges to the zero process uoc in probability.

Step 5. Recall that we aim to show convergence of the integral in Eq. (24) to the zero process
via an application of Theorem 5.2. In the previous four steps, we have verified the assumptions of
Theorem 5.2. Moreover, we have shown that U}, converges to the zero process uoc in probability, so
Theorem 5.2 implies that the integral in Eq. (24) converges to the zero process uoc in probability,
as required.

5.4. Proof of the diffusion limit. Before we turn to the proof of the diffusion limit result of
Theorem 4.6, let us first comment on notation. We will be mainly concerned with joint weak
convergence of certain stochastic processes. Because this involves many different processes, we will
not explicitly order them in a vector, so as to minimize potential confusion. As an example, we will
just say that Yj and Yy, converge jointly, where it is tacitly understood that k& € {1,..., L} and
l € Tj, (the ranges of the indices should be clear from the context), and that all these processes are

ordered in some vector.

Impose Assumption 4.3, as was stated in Section 4. We would like to establish the diffusion limit
in Theorem 4.6 under these conditions. To this end, it suffices to show that Q" converges weakly
to the process X given in Theorem 4.6, due to Lemma 4.4. However, because Q™ is defined as a
continuous function of certain input processes @”(O) and X " the CMT implies that we only have
to prove joint weak convergence of these input processes. Consequently, the remainder of this proof
will focus on establishing this joint weak convergence.

Following the notation from Section 5.1, we denote by K™ the state indicator function corresponding
to the background process J". Recall that K™ is a {0, 1}d—valued process that is given by K" (i;t) =
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Lyyn(s)=iy fori € {1,...,d}. In addition, we define the continuous semimartingale G" via
t
G"(t) :/ (K"(s) —m)ds.
0

As argued before, we only have to prove weak convergence of the input processes of Q", i.e., we
have to prove joint weak convergence of @"(O) and X". We will show that weak convergence of
X" follows (after an application of the CMT) from the joint weak convergence of other, more basic
processes. Joint convergence of @"(0) and these basic processes will be straightforward (as they
are independent of @"(0) or converge to a deterministic limit), so we will focus on the convergence
of X™.

Recall from Eq. (15) and Eq. (16) that X" is built up from six different types of one-dimensional
processes, namely

nlfﬁ)?ﬁk, nlfﬁ)?g’k, nliﬁXg;k, nliBXZkl, nlfﬁ)?;kl, and nliBXg;kl. (28)
Clearly, joint weak convergence of all these processes implies weak convergence of X " as a result
of the CMT.

To establish joint weak convergence of these processes, we will exploit the fact that some of them
are independent or converge to deterministic functions. For those processes that are independent
or converge to a deterministic function, joint convergence follows automatically (cf. [23, Th. 11.4.4]
and [23, Th. 11.4.5]). We will prove joint weak convergence of the six processes in (28) in four
steps. We will then summarize these steps in a fifth and final step.

Step 1. Some of the six types of processes (namely the the processes nlfﬁ)?gk and nI*Bngl)
converge in probability to deterministic functions. Indeed,

T st
- 1
' TPXP(t) = n' P (E)\Z - )\k> / K"(s)ds,
0
which converges uoc in probability to the deterministic process

t t
Ag/ st:/ AT ds
0 0

by Eq. (11) and Theorem 5.1. The process n! =X, satisfies
1-8 ¢ 1 1 Tt 1
n' XL () =n'P (EMZz - Mkl) /0 EQZ(S)Kn(S) ds

=l (%uzl - @T / t <%Q2(S) - pk<s>>K"<s> ds
+n' P (%M% - Mkz)T /Ot pr(s)K"(s)ds.

Consider the last two terms above. The first of these converges uoc in probability to the zero process.
This follows immediately from the fluid limit in Lemma 3.2 and the fact that K™ is bounded by 1.
The convergence of the second term, on the other hand, follows from similar arguments as the
convergence of n1*5X§ & by combining Eq. (12) and Theorem 5.1. In this case, the limiting process
is given by 7

t
/0 1 pr(s) ds.

Consequently, n!=#X £ converges uoc in probability to this process, too.
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Step 2. We have reduced our task to proving joint convergence of nlfﬁ)?ﬁk, nlfﬁX?’j’k, nlfﬁ)?zkl,
and nlfﬁXg,kl. A closer inspection of these processes reveals that each of them comes in one of
two flavors. On the one hand, nlfﬁX?’zk and nI*Bngl can be written as a stochastic integral with
respect to the semimartingale G™. On the other hand, nlfﬁ)?{zk and nI*BXEkl can be viewed as a
random time change of the Poisson martingales 7 7

ntPAY(t) = n! =P <%Ak(nt) — t), nt=BSn(t) = nt=8 <%Skl(nt) - t>,

respectively. Indeed, defining the random times

t
1
)= [ I ends o = [ i)t ds
we see that nl~ 5X" =nl- 5A"071k and n! BXka =nt SklOT4kl

The idea is to prove joint weak convergence of nl_ﬁngk and n _Bngl, together with nl_ﬁflz,

nt- BSM, and the random times Tln,k and TZM. Say that they have limits X35, Xk, Br, B,
71k, and 74 g, respectively. Then, under mild conditions, [23, Th. 13.2.2] guarantees the joint weak
convergence of nl_Bngk, nl_Bngl, n1_5121207'1"7k, and n!=AS 1OTi - Additionally, [23, Th. 13.2.2]
identifies the corresponding limits as X3 1, X¢ 1, B © 71k, and By o 74 ;. The conditions of this
theorem will be clearly met in our case, as all limits will turn out to be continuous.

Step 3. Thus, before applying [23, Th. 13.2.2], we have to prove joint weak convergence of n1*5X§7 &
and nI*BX'g,kl, together with nlfﬁflg, nlfﬁggl, and the random times T{tk and Tzkl. To prove this
joint weak convergence, observe that the processes n1*5X§ . and nlfﬁXg, i are independent from
the Poisson martingales, because the background process is independent from these martingales by
assumption. Consequently, n1*5X§ o nlfﬁX'g,kl, and the Poisson martingales converge jointly as
soon as n1*5X§ . and nlfﬁ)?g’ . converge jointly and the Poisson martingales converge jointly.

However, in general nl_ﬁng o nl_ﬁXé"kl, and the Poisson martingales are not independent from
71, and 74',. Nevertheless, dealing with the random time changes is relatively straightforward:
th7ey Convefge uoc in probability to deterministic functions, which is a sufficient condition for joint
weak convergence. Note that, similar to nI*BXQk and nlfﬁngl, the process 7'1"7/,C converges to the

continuous function 7y 4 (t) = f(f A% ds and the process 7', converges to the continuous function
t

Tukt(t) = [y uiyon(s)ds.

Now consider the Poisson martingales and recall that they are all independent. For ease of expo-
sition, take nl_ﬁflz = nl/z_ﬁ\/ﬁflz. We know from the MCLT that \/ﬁflz converges weakly to a
standard Brownian motion By, (cf. [20, Th. 4.2]). Since 1/2— 3 = min{0, (o — 1)/2}, it follows that
nl_ﬁflz converges weakly to 1;,>1)Bg. Similarly, nl_ﬁgz‘l converges weakly to 1(,>1)Bgi, where
By is a standard Brownian motion. Because of the Poisson martingales being independent, joint
convergence holds as well and the Brownian motions By, and By; are independent.

Step 4. It remains to show joint weak convergence of the processes nl_ﬁngk and nl_ﬁngl.
We observed earlier that these processes are stochastic integrals with respect to the continuous
semimartingale G™. More concretely, we have

t
nl_ﬁng(t):/ nt=B=2)\T dn*/2Gn (s)
0
and

t
WX 0) = [ 0l (sl dn 67 ).

The form of these integrals suggests that we may apply Theorem 5.2.
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Let us check that the conditions of Theorem 5.2 are satisfied here. First, recall the definition
of f in Eq. (9). In particular, it holds that 1 — f —«a/2 =0 for « < 1,1 — 8 — a/2 < 0 for
a > 1, and 1 — 8 — a < 0. Next, observe that nI*B*O‘/%\g converges to ]l{agl})\g uoc. In
addition, nI*B*a/kaugl converges to ]l{agl}/)kﬂgl uoc. Third, notice that pg is a function of
bounded variation and that pp does not depend on n. Consequently, both n~/2pl=-B-a/ 2)% and
n=o/2pl-B-a/ Zpk,ugl are finite-variation processes whose total variation processes converge to the

Zero process uoc.

Combining all these observations, we see that the conditions of Theorem 5.2 are satisfied. Then
Theorem 5.2 implies the joint weak convergence of the stochastic integrals n'=# X?:‘ i and nl_BXé‘ il
to

¢ t
/ ]l{agl})\g dBp(s) and / 1{a§1}pkug, dBy(s),
respectively. ’ ’
Step 5. Summarizing, we have shown joint weak convergence of the eight processes
nl_BX'S,k, nl_ﬁXg,kl, nl_ﬁf_l", nl—BS,’;l, T{fk, Tf,kl, nl_ﬁX?:"k, and nl_ﬁ)?gkl

to, respectively,

t t
/AZ ds, /M&pk(s) ds, La>13Br, Lgaz13Brls Tiks Takis
0 0
t

t
/ ]l{ag})\g dByp(s), and / ]l{agl}Pk,uZl dByp(s).
0 0
This implies joint weak convergence of the six processes
nlfﬁ)?gk, nlfﬁ)?;kl, nlfﬁXﬁk, nliBXZkl, nlfﬁ)?;k, and nliﬁXg;kl

to, respectively,

t t
/ A ds, / prpk(s)ds, Tga>13Br o ik, Tia>13Bri© Tak,
0 0

t t
/ ]l{agl})\g dBy(s), and / ]l{ag}pk,ugl dBy(s).
0 0

Now applying the CMT, and using that 1(,>1yBg o 71 % and 1(4>1) By 0 74 51 have the same distri-
butional properties as the integrals

t t
1{@1}/0 \/AFdByk(s) and 1{@1}/0 \/ Hi Pk () dBri(s),

the statement of Theorem 4.6 follows immediately.
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